Accepted Manuscript

Journal of

ALLOYS
D COMPOUNDS

Synthesis and ionic conductivity of new high Li ion content garnets, LnSroTasLi7O12
(Ln =La, Pr, Nd, Sm, Gd)

M.A. Howard, O. Clemens, A.S. Parvathy, P.A. Anderson, P.R. Slater

PlI: S0925-8388(16)30279-1
DOI: 10.1016/j.jallcom.2016.02.012
Reference: JALCOM 36623

To appearin:  Journal of Alloys and Compounds

Received Date: 17 September 2015
Revised Date: 30 January 2016
Accepted Date: 2 February 2016

Please cite this article as: M.A. Howard, O. Clemens, A.S. Parvathy, P.A. Anderson, P.R. Slater,
Synthesis and ionic conductivity of new high Li ion content garnets, LnSroTasLi7O12 (Ln = La, Pr, Nd,

Sm, Gd), Journal of Alloys and Compounds (2016), doi: 10.1016/j.jallcom.2016.02.012.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jallcom.2016.02.012

Synthesis and ionic conductivity of new high Li icontent garnets, LngraLi;O, (Ln =
La, Pr, Nd, Sm, Gd)

M. A. Howard, O. Clemen%®¢ A. S. ParvattRF, P. A. Andersof) P. R. Slatér

& School of Chemistry, University of Birmingham, Bingham, B15 2TT

P Technische Universitat Darmstadt, Joint Reseastfotatory Nanomaterials, Jovanka-
Bontschits-StralRe 2, 64287 Darmstadt, Germany

¢ Karlsruher Institut fiir Technologie, Institut filanotechnologie, Hermann-von-Helmholtz-
Platz 1, 76344 Eggenstein-Leopoldshafen, Germany.

"Correspondence to: Prof. P. R. Slater

School of Chemistry, University of Birmingham, Bingham B15 2TT. UK

Tel. +44 (0)121 4148906

Fax +44 (0)121 4144403

p.r.slater@bham.ac.uk



Abstract

In this paper we report the synthesis and Li iomdewtivity of the new high Li content garnet phases
LnSr,TaLi;O;, (Ln = La, Pr, Nd, Sm or Gd ). Close inspectiorhef X-ray diffraction patterns
indicate that these systems are mostly composttkairdered tetragonal garnet phase, along with a
small amount of cubic garnet. The presence ofallssmount of cubic garnet phase can most likely
be correlated with partial Li loss on synthesisva#i as some degree of Hi* exchange. The latter
was supported by results from variable temperaturay diffraction studies and thermogravimetric
analysis. The adoption of the tetragonal garnatsire by these new systems highlights further that
in order to accommodate 7 Lithium ions within ttegrget structure, then cation ordering must occur
to prevent short Li-Li interactions. In line withher tetragonal garnet systems, the Li ion condlifgti

is shown to be low, as a result of this orderedisiribution.

Keywords: Inorganic Materials; Oxide Materials; io@€onduction; X-ray diffraction.



1. Introduction

With the increase in demand for high capacity, tligieight Li ion batteries for portable electronics
such as mobile phones, laptop and tablet devibese thas been an intensive drive to develop new
materials in this area. While traditional Li ionttesies adopt liquid electrolytes, there is inchegs
interest in the development of solid electrolytehjch give rise to opportunities for miniaturisatjo
along with increased safety. Potential candidateshis application are Li containing materialstwit
the garnet-type structure. While traditional gasnbave the general formulasByCs;O1, (A - 8
coordinate, B - 6 coordinate, C - 4 coordinategse Li ion conducting garnet materials are of
particular interest due to their ability to acconuiate excess Lications within the structure. These
excess cations are located in new interstitialodistl octahedral positions, with accompanying
vacancies in the tetrahedral positions to prevamshort Li-Li interactions. The increased lithiuon
content leads to the general formulgBAlis., O, 0<x<4 [1-11]. The first observation of fast Li ion
conductivity Giries:c)= 3.4 x 10 S cnt) in these systems was reported fogMaisOy, (M = Nb,
Ta) by Thangadurai and Weppner [12]. The same aiflater reported the possibility of increasing
the Li content by partial substitution of La (Aejitwith K or alkaline earth cations, or by subgitn

of In on the Nb (B site) [13]. As Li has a low deaing factor of X-rays, there was initially much
confusion over the distribution across the différensites [1, 14]. However, neutron diffraction
studies by Cusseet al. clarified the structural situation, showing thia¢ tLi was located on 3 sites:
the ideal garnet tetrahedral and two interstitiatadted octahedral sites [2]. Cussen also showad t
the occupancy of the interstitial octahedral sites vital for high conductivity, since Ehe,LizO;,

(Ln = rare earth), where the Li is only located the ideal tetrahedral site, shows poor ionic

conductivity [15].

Since early work showed an increase in Li ion catigity on increasing the Li content, there has
been a large amount of research on doping studiggtease the Li content as high as possible (see
for example the review article [16]). This reseahnels shown that the maximum Li content achievable
is 7 Li per formula unit. Furthermore, it has beeported that at this maximum lithium content, Li

cation ordering occurs, resulting in a loweringsginmetry from cubic to tetragonal [7, 9, 17-19]. In



this cell, there is an ordered distribution in whicin 3 Lie sites is occupied, with the remaining 6 Li
in the distorted octahedral sites, so as to avbaltd.i — Li bond distances. As a result of the Li
ordering , the ionic conductivity of such systemgoor [7, 9]. One “Li' system that has, however,
attracted some controversy is 3ZBlLi;O1,, with some initial reports of cubic symmetry, withe
cubic phase showing high ionic conductivityfyzs-c)= 3 % 10" S cm) [20] , much larger than that
of the tetragonal phase [9]. The observation dfictilasZr,Li-O;, was often reported when high
synthesis temperatures were used (up to 1000°@p akath long heating time (more than 12hrs).
These high temperatures and long heating timedeamhto Li evaporation, and reaction with the
Al,O; crucible resulting in a lowering of the Li contdrdm 7, thereby resulting in cubic symmetry.
Subsequent reports confirmed Al incorporation fiitwe crucible, and this work was then extended to
show that Al, Ga, Ge, In and Si could all be dopatb the Li site [17, 21-30]. A range of other
doping strategies have been extended tgZizhi-O;, showing high conductivities when the Li
content was lowered below 7 and so a cubic systamoltained, although there have still been some
claims of the successful synthesis of undoped cu&iZr,Li-O,,, which has caused some confusion

as to when cation ordering occurs in these gafh8{81,32-37].

The conduction mechanism within these Li ion gagriets also attracted significant interest [38-40],
and recent NMR studies have demonstrated thahalLi sites (tetrahedral and distorted octahedral)
are involved in the conduction process. The stroramise of these garnet electolytes has recently
been further demonstrated in their successful diperain Li ion batteries, including the
demonstration of their use as composite electrslyiigh polymer systems for the production of high

voltage bipolar cells [41, 42]

Another interesting feature of these garnet Ligonductors is their ability to undergo partial/lH*
exchange [43-46] through either submersion in waterrganic acids. The sensitivity toward¥/H"
exchange has been further highlighted by recerdrtemf this exchange occurring through reaction
with moisture in air [44, 45, 47-50]. In this resphewve have previously reported that/lH* exchange
occurs in Al, Ga doped (La/Ngdr,Li-O;, on exposure to air and that this exchange resutttanges

to the ionic conductivity/issues with sintering [18, 28]. We have shown through neutron powder



diffraction studies, that the exchanged protonsL&Nb,LisO;,, are found within the distorted

octahedral sites of the Li sub-lattice [44].

In this paper, we have investigated the possibleth®gis of a range of new “Li garnets,
LnSrTali;O (LN = La, Pr, Nd, Sm, or Gd), in order to confitire universal adoption of the
ordered tetragonal garnet structure for such higtohtent systems, and so, once and for all, confir
the need for cation ordering to accommodate 7 hsim these garnet systems. We also investigate

the conductivities of these systems and their tecyléo undergo HLi* exchange in air.

2. Experimental

LnSr,TalLi;O (Ln = La, Pr, Nd, Sm or Gd) were synthesisgéa standard solid state synthesis
routes. Stoichiometric amounts of &, PrO;;, NdbOz, Sm0Os;, or G4dO;, SrICQ, TaOs, Li,COs
(20% molar excess to account for Li volatility) weground together with an agate pestle and mortar
until a homogeneous mixture was achieved. The gr@awder was then transferred into an alumina
crucible. The powder was then heated to 600 °Q feours, before raising the heating temperature to
800 °C for 14 hours. The heated powder was theroueg with a further 15% molar excess of
Li,CO; added. The powder was then pressed into a peltbtpéaced on top of a Ze(pellet (to

prevent reaction with the alumina crucible) anddiagain at 850 °C for 12 hours.

Powder X-ray diffraction (PXRD) patterns of the #hesised garnets were collected on a Bruker D8
diffractometer set in transmission geometry wittCaK,, radiation source in the angular range
between 15 and 60 92Unit cell parameters were calculated from théralition pattern using the
Topas refinement suite [51] by Rietveld analysie (structural model of tetragonal ZaLi;01, [9]

with space group Kacd was employed with Ln and Sr occupying the La, sitel Ta occupying the
Zr site). In this analysis, only unit cell parameteshape parameters and an overall scaling faetog

refined.

Variable temperature X-ray powder diffraction (VIRE) patterns were recorded for LaBsLi-;0;,
(Ln = Nd, Pr) on a Bruker D8 diffractometer withagg-Brentano geometry and a fine focus Cu X-

ray tube, using an Anton Paar HTK 1200N High-Terapge Oven-Chamber in the temperature



range between 30 and 900 °C (intervals of 50 AQjcan time of 17 minutes per scan was used for
the angular range between 10 and 60.°[80 primary beam monochromator was attached. A
VANTEC detector and a fixed divergence slit (0.3W¢re used for the measurements. Prior to
measurement, both samples were stored in air irgasrtight plastic containers for ~1 week. As will
be shown, this results in the uptake of water d&edformation of additional impurity phases (e. g.
SrCQ,) due to the resultant changes in composition. ygialof the VT-XRD data was performed
using the Rietveld method with the program TOPAS @Bruker AXS, Karlsruhe, Germany) [52].
The instrumental intensity distribution for the Xyrdata was determined empirically from a sort of
fundamental parameters set [53], using a refersoare of LaB, and the microstructural parameters
were refined to adjust the peak shapes for the XREx. The analysis showed that most of the
recorded patterns could not be refined properlywgiginly one garnet type phase. Therefore, two
phases had to be used to obtain a good fit foraflections, a tetragonal one and a pseudocubic one
The pseudocubic phase was refined using the samnetuisl model (atomic positions and thermal
parameters) as used for the tetragonal phase, aylying a constraint to obtain a pseudocubic cell
setting (.e. a = ¢). An independent shape parameter (strain typeribotibn) was used for the
pseudocubic phase. It is worth mentioning that ftbequality of the recorded data it is not possibl
to determine if the pseudocubic phase is indedd tuwbic, or rather tetragonal with a c/a ratiower

close to 1.

To complement the VT-PXRD studies, thermogravinsednalysis (coupled with analysis of evolved
gases using a mass spectrometer) was carried g asNetzsch STA 449 F1 Jupiter Thermal
Analyser. The LnSiTaLi-O1, (LN = Nd, Pr) samples were heated to 800°C imith a heating rate

of 10°C min'.

For the A.C. impedance spectroscopy measuremédmgggarnet phases were pressed as pellets and
sintered at 1000°C (on top of a Zr@ellet to prevent reaction with the alumina crigjtfor 2 hours.

The sintered pellets were coated in a silver p#stensure good electrical contact between the
electrode and the pellet. Silver electrodes weea #ffixed onto the surface of the painted pefet.

Impedance measurements were carried out using tedekard 4192A Impedance Analyser over



the frequency ranges 0.1 —*1Hz applied amplitude. The collected impedance aetre analysed

using Z-plot software [54].

The SEM images were taken using the secondaryretedetector of a Philips XL30 FEG scanning
electron microscope operating at 20 keV. For SEMeerents, NdSTaLi;O;, was exemplarily
chosen to characterize sample morphology of thdetpelsed for impedance spectroscopy

measurementd he sample was sputtered with approximately 10 fikugprior to the measurements.

3. Results and discussion

For all LnSgTa.Li;O, (LN = La, Pr, Nd, Sm, Gd) phases, the X-ray ddfien patterns showed peak
splitting indicative of the tetragonal garnet wrell (the XRD pattern for Ln=Nd is shown in Fig.)la
The results therefore are consistent with the emich that “Li” systems in general adopt a
tetragonal unit cell, which can be explained bydhgered Li distribution in the tetragonal garnell c
helping to ensure that too short Li-Li interactiais not occur [7, 9, 18, 19]. Cell parameters were
determined for each system and are given in TablEh& data show the expected decrease in cell
volume on reducing the size of the lanthanidehdéiutd, however, be noted that a close inspection of
the X-ray diffraction patterns suggested the preseari some cubic garnet phase (Fig. 1b and 1c¢), the
qguantity of which varied from sample to sample. Bramounts of perovskite type impurity phases
(1-2 wt-%) were also observed for a number of cammgis. This highlights the difficulty in
synthesising these high Li content phases, eveh kigh Li excess used, and can be most likely

attributed to volatility of Li, which may be enhattthrough reaction with moisture in the air.

As detailed in the introduction, there have beewmber of reports of HLi* exchange occurring in
either air atmosphere [17, 18, 28, 47-49] or whHasé garnets are submerged in an organic acid or
water [43-45]. Therefore in order to determine plossibility that the presence of some cubic phase
was due to partial HLi* exchange, variable temperature PXRD diffractiotadeere collected from
room temperature to 900 °C to observe any charigesorded patterns on heating and cooling are
presented in Fig. 2 for Ndgrmli;O,. Using these data, Rietveld refinement was emplaye

estimate the variation in the weight fractionsaifagonal and cubic phases with temperature. 3aig.



shows the changes in the calculated weight fractbrthe cubic phase with temperature for
NdSkTaLi;O;, on heating and cooling. For this sample it can learty seen that the first heating
procedure behaves differently compared to subséqumoling and heating procedures, with the
fraction of cubic phase being significantly highespecially between 150-400°C. This observation
can be correlated with partial’#i* exchange with the exchanged Li most likely presamtthe
surface as LIOH/LICO;. The higher weight fraction cubic phases can bestated then with the fact
that this exchange lowers the temperature of thiengenal-cubic phase transition, as shown
previously for LaZr,Li;O;, [48]. On heating above 400°C the protons aredeswater is eliminated
and any surface Li most likely reinserts into theicure leading to a decrease in the cubic garnet
weight fraction. On further heating above 800°Cr¢his the expected reversible cubic-tetragonal
transition (order-disorder) for the anhydrous Nd&iLi-O,, phase, and the whole sample is how

cubic, as also seen previously fosMaLi-O;, (M=Sn, Zr) [7, 48].

The loss of water from the initial heating meanat tthe first cooling experiments and the second
heating and cooling experiments show different lteswith the %wt. of cubic staying much lower
indicating limited H/Li* exchange has been able to occur. The fact tha theains a small fraction
of cubic phase, and the presence of a small anadfUBtCQ, impurity, is most likely related to some
Li loss on heating and hence some fraction of lohiecontent Nd.,Sr.4Tali; 01, phase. The
partial Li'/H" exchange is also highlighted in the cell paransetérthe tetragonal phase, suggesting
that at low H/Li* exchange, the tetragonality (c/a ratio) is redyueéth further exchange leading to a
cell that is metrically cubic. Fig. 3b shows tiia for the tetragonal phase componentemperature.
From these data, there are distinct differencewdmmt the T heating experiment and * tooling
experiment/? heating and cooling experiments. In particularehis a large deviation in the c/a ratio
especially in the 150-400°C range on the first ingaéxperiment, consistent with the effect of the

presence of a degree of/H* exchange.

A second variable temperature X-ray diffraction eriment was performed on the PilBxLi;O;,
system. For this phase, the evidence foit.H was not quite as visibly apparent as in the Nd $amp

However, on close inspection, there was an indinabf differences between the XRD data on



heating/cooling, consistent with’Hi* exchange. In particular, for the first heat trezm the %wt.
fraction of cubic phase (Fig. 4a) in the sample thigher than for the coolind/2heating experiment,
and there was a slight divergence in the tetraggnét/a ratio) for the tetragonal phass.

temperature (Fig. 4b).

To complement the VT-PXRD studies, thermogravineednalysis, coupled with evolved gas analysis
through mass spectrometry, was performed on batiples. In both cases a mass loss was observed
at ~450°C on heating, which mass spectrometry ateit was due to both,8 and CQloss. This
mass loss corresponds to the significant changssreéd from the VT-PXRD studies, which were
attributed to water loss and Li reinsertion. Thet fhat both HO and CQ are lost can be attributed to
the initial H/Li* exchange leading to surface LiOH which then readtis CO, to give L,COs. On

heating the protons in the garnet are lost aneibiserts according to the following equation:
LnSrTali7zH,O1p + X/2LiI,CO; 2 LNSKLTaLi;04, + X/2 CG + x/2 HO

On the second heating cycle, no mass loss waswaseronsistent with the VT-XRD data, which

suggested that there was insufficient time to itaté the H/Li* re-exchange during the cooling cycle.

Following on from the XRD studies, A.C. impedanpecroscopy measurements were performed in
order to determine the conductivities of these Lh&ti;O1, systems. These measurements were
performed on pellets sintered at 1000for 2 hours. This sintering regime led to petlensities of
70-80% theoretical, which are lower than ideal, beer attempts to increase the density via higher
temperature sintering led to significant Li losglaorrespondingly high levels of impurities. SEM
measurements, exemplarily performed on N@&ti,O,, show sintered particles with relatively
large particle sizes of the order of ~ 5 — 20 pee(Big. 5), albeit with significant pellet poroség
noted above. Conductivity measurements were madeeab50 °C as below this temperature the
resistances were too large to be measured. Theeriut plots for all the samples are presented in
Fig. 6, with the data showing much lower condutit®g compared to previously reported cubic Li
containing garnets. The highest conductivity waseobed for the Pr&FasLi;O:, sample §uukaso °c)=

1.5 x 10°S cm"). The calculated activation energies ranged forfd — 0.94 eV, much higher than



values reported for cubic garnets (Ea = 0.3 — ¥.41€3, 8, 12, 13, 55]). While, as noted above, the
pellet densities were comparatively low, which nigke expected to contribute to a lowering of the
conductivity, the conductivity values obtained aebstantially lower than those observed for
comparatively sintered cubic garnets [16,17]. Tausajor contribution to the low ionic conductivity

and high activation energies can be attributechéodrdering on the Li sub-lattice in these high Li
content tetragonal systems, thus highlighting thednfor Li contents lower than 7 to achieve high Li

ion conductivities in these garnet systems.

4. Conclusions

In this paper, we have shown the successful syisthefs the high Li content garnet phases
LnSrTali;O (LN = La, Pr, Nd, Sm, Gd). The X-ray diffractiomtd confirm the adoption of the
tetragonal garnet structure in these systems, phoading confirmation that “Li' garnet systems
prefer to adopt this ordered structure, which carattributed to the fact that it limits too shortLi
interactions. From VT-XRD and TGA studies, thereswavidence for partial ¥i* exchange
occurring in these samples on being left in aigrewithin closed containers, thus showing the need
to consider the effect of moisture when charadtegigarnet Li ion conductors. The conductivity
results provide further support to conclusions that upper limit of 7 Li per formula unit in garnet
systems is detrimental to the Li ion conductividye to the required ordering on the Li sublattize t

accommodate this high Li content.
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Table 1. Calculated tetragonal cell parameter&f@n,TaLi;O., (LN = La, Pr, Nd, Sm, Gd)

Material a(A) c (A) Unit Cell Volume (A%
LaSkTali,On 13.0988(7) 12.480(1) 2141.4(2)
PrSpTali O, 13.0289(6) 12.439(1) 2111.6(2)
NdSETaLi-O1 13.0244(3) 12.4228(4) 2107.3(1)
SmSkTa.Li;On 12.9965(6) 12.425(1) 2098.7(2)
GdSkETaLi;Or, 12.9206(1) 12.454(1) 2079.1(1)




Figure Caption List

Fig. 1. X-ray diffraction patterns of a) Ngd$&,Li-O:> b) SmSgTaLi;O;, ¢) GdSgTa,Li-;O;, (arrow

indicating impurity Perovskite type phase), andtéd)agonal LgZr,Li-O,, for comparison

Fig. 2. Variable temperature PXRD patterns frommmdemperature to 900 °C for N@$&Li;O,,a)

1% heating b) ¥ cooling c) 2 heating d) ?' cooling

Fig. 3. a) Temperature dependence of the calculatétl. of cubic phase for NdgraLi-O;, b)

temperature dependence of tetragonality (c/a ragidhe tetragonal NdgFa,Li-O;, phase

Fig. 4. a) Temperature dependence of the calculat®d. of cubic phase for PrSiaLi;O;, b)

temperature dependence of tetragonality (c/a radrdhe tetragonal Pr&Fa,Li-O,, phase

Fig. 5. SEM images of a pellet made NdSLi-O;, sintered at 1000 °C for 2h. (a)-(c) top view of

the pellet, (d)-(f) cross section of the pelletkao in the middle.

Fig. 6. Arrhenius plots of LngFa,Li;O;, (Ln = La, Pr, Nd, Sm, Gd) in the temperature rahge -

300°C



- )
_JJA_LMM Ll b el
F b)
BN, Yo N o

)
B AN N . (e
A m
WJL ’U_ wd UL_, AAAAAA ” L ol MU sl
2 % ) 5

20

Fig. 1. X-ray diffraction patterns of a) Ngd$&.Li-O:> b) SmSgTaLi;O;, ¢) GdSgTa,Li-;O;, (arrow

indicating impurity Perovskite type phase), andtédlagonal LgZr,Li-O,, for comparison
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Fig. 5. SEM images of a pellet made NgdSLi-O,, sintered at 1000 °C for 2h. (a)-(c) top view of

the pellet, (d)-(f) cross section of the pelletkao in the middle.
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The successful synthesis of new LiI36Li;O12 (Ln = La, Pr, Nd, Sm, Gd) garnet phases
The demonstration that these “Li7” garnets all adepragonal symmetry consistent with
Li ordering

The demonstration that these systems are suseeptibinoisture from the air, which
leads to partial H/Li Exchange



